Mass-independent fractionation of sulfur isotopes (S-MIF) results from photochemical reactions involving short-wavelength UV light. The presence of these anomalies in Archean sediments [(4-2.5 billion years ago, (Ga)] implies that the early atmosphere was free of the appropriate UV absorbers, of which ozone is the most important in the modern atmosphere. Consequently, S-MIF is considered some of the strongest evidence for the lack of free atmospheric oxygen before 2.4 Ga. Although temporal variations in the S-MIF record are thought to depend on changes in the abundances of gas and aerosol species, our limited understanding of photochemical mechanisms complicates interpretation of the S-MIF record in terms of atmospheric composition. Multiple sulfur isotope compositions (δ S that are statistically indistinguishable from those identified several times later in the Archean. The recurrence of the same S-isotope pattern at both ends of the Archean Eon is unexpected, given the complex atmospheric, geological, and biological pathways involved in producing and preserving this fractionation. It implies that, within 0.8 billion years of Earth's formation, a common mechanism for S-MIF production was established in the atmosphere.
Nuvvuagittuq Greenstone Belt (Nunavik, Québec) | early Archean sulfur cycle | photochemistry | early Earth surface environment M ultiple sulfur isotopes have become the tool of choice for probing atmospheric evolution during the first 2.5 billion years of Earth history. In particular, mass-independent fractionation of sulfur isotopes (S-MIF) (1) is a characteristic feature of the geologic record before 2.32 gigayears ago (Ga) (2), after which S-MIF is almost completely lacking (3) . Photochemistry in a low-O 2 atmosphere is often considered as the dominant cause of S-MIF (1), and models for production and preservation of S-MIF anomalies suggest that an increase in O 2 beyond ∼10 −5 times present atmospheric level (PAL) (4) would quench the production of S-MIF signals in the geological record. While the abrupt nature of the Archean/Proterozoic transition reflects a high-sensitivity response to atmospheric O 2 , the temporal variability of the S-MIF record before about 2.45 Ga indicates a complex interplay among atmospheric composition (5) (6) (7) (8) , magnitude (9) and oxidation state (10) of sulfur fluxes into the atmosphere, accessible photochemical pathways (11) , microbial sulfur cycling in the surface environment (10) , and atmospheric solar flux (12) . Despite the broad range of geologic and biologic controls that apparently influence the S-isotopic record, first-order isotopic patterns are present that span wide intervals in time and are shared among a variety of rockforming environments.
High-resolution measurements on Neoarchean samples (2.5-2.8 Ga) (13, 14) have provided evidence for temporal variation of the multiple S-isotopic signal reflecting changes in the relative proportions of atmospheric gases of volcanogenic and biogenic origin. The S-isotopic signal then appears as a robust metric of atmospheric composition that reflects both the photolytic reactions involving S-bearing phases and their transfer to the sediments. The present study focuses on the origins and extent of this atmospheric memory in the sedimentary record. To probe the sensitivity of early Archean photochemical processes to major surface perturbations, including emergence of dominant biogenic elemental cycling, intense volcanic activity, bombardment of Earth's surface by bolides, and evolution of the solar flux, we examined the multiple sulfur isotope record in some of the oldest metasediments found on Earth. The samples were collected in the >3.8-Ga Nuvvuagittuq Greenstone Belt (NGB) (15) located on the eastern coast of Hudson Bay (Ungava Penninsula, Northeastern Superior Province of Canada).
Geological Setting
The NGB exposes a sequence of metavolcanic rocks, ultramafic cumulates, and metasediments [primarily banded iron formations (BIF) and silica-rich formations (Si formation)] hosted in an isoclinal synform refolded into a south-plunging synform (Supporting Significance Sulfur isotopes in ancient Earth sediments have peculiar compositions resulting from photochemical reactions of sulfur-bearing gaseous species with UV photons in the anoxic early Earth's atmosphere. High-precision measurements of sediments from distinct localities have revealed that these isotopic anomalies are sensitive to the abundances of atmospheric gases. They thus appear as promising metrics of ancient atmospheric composition. In the present study, we focus on the origin and extent of this atmospheric memory. We analyzed the multiple S-isotope compositions of some of the oldest metasediments preserved on Earth (originating from the >3.8-Ga Nuvvuagittuq Greenstone Belt, Canada) and found that this unusual atmospheric fingerprint has been present since the end of the Hadean, the earliest eon of Earth history.
Information and Fig. S1) (17) (18) (19) (20) ]. These age relationships are consistent with the inferred intrusive relationships among the throndhjemite bands, the gabbro sills, and the amphibolite (15) . Aluminous lithologies within the NGB contain mineral assemblages indicative of upper amphibolite facies metamorphism (Supporting Information), consistent with inferences from cation exchange thermometry [∼640°C (21) ]. Precise U-Pb depth profiling of zircon grains indicates that this metamorphic grade was likely attained at ∼2.7 Ga (21). The relative order of the BIF, Si formation, and volcanogenic horizons is symmetric across the synform, suggesting that the current lithological sequence reflects the original stratigraphy of the supracrustal package. The preservation of a coherent chemical stratigraphy within the Ujaraaluk unit supports this interpretation (15) . Taken together, these observations suggest that deposition of the sediments was coeval with emplacement of the volcanic succession, which definitely occurred before 3.8 Ga, and may have been completed by 4.38 Ga.
Results: S-Isotope Signatures of NGB Rocks
The sulfur isotope compositions of our sample suite (n = 39) are divisible into two populations that correspond to broad lithological divisions (Table S1 ). Rocks interpreted to have igneous protoliths (ultramafic sills, gabbros with their intrusive felsic bands, or surrounding tonalites) have δ 34 S values from −5.41‰ to 3.33‰ with a mean of 0.27 ± 2.37‰ (1σ) and a narrow range of Δ The sulfur isotope anomalies in the BIF and Si formation from Nuvvuaggituq demonstrate that they contain sulfur that cycled through Earth's atmosphere before 3.8 Ga. This observation confirms the sedimentary origins of these lithologies (27) . While metamorphic processes cannot create S-MIF, exchange or dilution with magmatic fluid would decrease its magnitude, and mixing with S-MIF bearing rocks would interfere with the initial signature. Evidence for a metamorphic event at ∼2.7 Ga raises the possibility that original Δ 33 S distribution in the NGB may have been modified through isotopic exchange between metasedimentary and metaigneous lithologies. Although there is no geologic evidence for the involvement of younger sediments in the 2.7-Ga metamorphic event, to assess the effect of possible reactive sulfur transport on Δ 33 S values, we measured the perpendicular distance between every sampling location and the nearest major lithologic contact, and constructed a generalized profile of Δ 33 S values versus distance from lithological contacts for the entire belt ( Fig. 1) . The profile reveals a step function in Δ 33 S values, where the step coincides with the boundary between metasedimentary and metaigneous lithologies (Fig. 1) . If reactive transport during metamorphism was an important process in resetting NGB Δ 33 S systematics, there should be enhanced dispersion of Δ 33 S values as the contact is approached, reflecting advective and/or diffusive modification of originally sharp isotopic gradients (28) . Local evidence of isotopic disturbances of this type can be identified in mafic rocks in direct contact with the metasediments (greenstones or amphibolite, n = 5), which carry smaller, but nevertheless discernable, S-MIF anomalies (−0.08‰ ≤ Δ Table S2 ). However, the overall morphology of the Δ 33 S profile suggests that reactive transport was limited to restricted spatial scales (<2 m, Fig. 1 ). This enables us to interpret multiple S-isotope systematics in the NGB metasediments as robust indicators of the surface sulfur cycle at the time of deposition.
Discussion
Structure of the Archean S-Isotopic Record. In rocks from the Archean Eon (2.50-3.85 Ga), anomalous 33 S enrichments (positive Δ 33 S) are commonly associated with 36 S depletions (negative Δ 36 S) and vice versa. Consequently, a compact negative correlation exists between Δ 33 S and Δ 36 S (Supporting Information). For much of the Archean Eon, this correlation is described by Δ 36 S ≈ −0.9 × Δ 33 S (3). The breakdown of this relationship during the Mesoarchean Era (2.8-3.2 Ga) has been attributed to a global unique photochemical regime (11) driven by combination of a temporarily oxidizing atmosphere (29) , high-altitude methane hazes leading to fluctuation in UV radiation transmitted through the atmosphere (30) , and/or changes in H 2 S/SO 2 of outgassed species (10) . In addition, high-resolution data on Neoarchean (2.5-2.65 Ga) samples from both Australia and Africa (13, 14, 31, 32) show slight and stratigraphically controlled variations of Δ 36 S/Δ 33 S from −0.9 to −1.5, reflecting global perturbation of S-MIF source mechanisms. Changes in chemical composition of the atmosphere related to intense volcanism and biological CH 4 production, shortly before the irreversible atmospheric oxygenation, are thought to have caused these variations (33) . Beyond these perturbations however, the Δ 36 S/Δ 33 S value of −0.9 is common before 2.5 Ga, and may reflect a longterm temporal constancy of the atmospheric source mechanism that produced the anomalies. So far, in situ multiple S-isotope compositions of Eoarchean rocks (3.6-4 Ga) of sedimentary origin (i.e., Isua BIF) have shown preservation of nonzero Δ 33 S anomalies (23) (24) (25) , but in the absence of coupled 36 S quantification, it is unclear whether these S-MIF signals resemble those of the other Archean samples. Our results indicate that sulfides from Nuvvuagittuq BIF and Si-formation samples fall along a well-correlated array ( Fig. 2A) , a correlation which is not seen for metaigneous lithologies (Supporting Information and Fig. S2) . Fig. 2A and Table S3 ]. Given the antiquity and geological history of the NGB, preservation of the canonical Δ 36 S−Δ 33 S correlation is striking. The immediate inference is that within 800 million years of Earth's formation, and during the late heavy bombardment, an early mechanism for S-MIF production was established in the atmosphere. Comparison with both Paleoarchean (3.6-3.2 Ga) and Neoarchean (2.8-2.5 Ga) arrays ( Fig. 2A and Supporting Information) suggests that this mechanism was extremely long lived, either sustained or revisited.
Furthermore, in a smaller subset of Archean sedimentary sulfides, recurrent patterns are observed for 34 S enrichments (or depletions) that consistently cooccur with anomalous 33 S enrichments (or depletions), leading to positive correlations between mass-independent sulfur isotope fractionation (Δ 33 S) and sulfur isotopic composition (δ 34 S) along slopes varying from 0.56 to 0.98 (9, 13, 34-36); see Table S3 . As biological activity and geological mechanisms cause mass-dependent isotopic fractionation (and therefore modify δ Table  S3 ). We also conducted a more detailed time-integrated statistical comparison (Neoarchean, Mesoarchean, Paleoarchean, and Eoarchean) among published datasets and the present data by comparing slopes in Δ 33 S vs. δ 34 S space as determined from least-squares linear regression. The similarity of the slopes of the Neoarchean, Paleoarchean, and Eoarchean datasets was evaluated through nonequal variance t testing, because f tests indicated that the variance of the different datasets is not equal. Results indicate that the probability of equality of slopes is 61% between the 2.5-2.6-Ga and 3.5-Ga datasets, 64% between the 3.5-Ga sets and our study, and 78% between the 2.5-2.6-Ga datasets and our study.
There are two major conclusions from this exercise. First, the slope of the Mesoarchean dataset (2.7-3 Ga; data from refs. 11, 29, 30, 37, and 38) is not significantly different from 0 at the 99% confidence level. Second, there is a less than 1% probability of obtaining the observed trends in the Neoarchean dataset (2.5-2.6 Ga period; data from refs. 9, 13, 35, 36, and 39), Paleoarchean dataset (3.5 Ga; from ref. 34) , and our data purely by chance from a dataset in which Δ 33 S values associated with nonzero δ 34 S and appear similar to Mesoarchean samples. This raises the possibility that atmospheric conditions during the formation of the NGB oscillated between those that were typical of most of the Archean and those that characterized the Mesoarchean. However, there is no compelling geological reason to select subsets of measurements from our dataset, which, unlike Mesoarchean samples, shows consistent Δ 36 S and Δ 33 S systematics ( Fig. 2A) . Mass-dependent isotopic fractionation during fluid circulation could be responsible for the increased δ 34 S variability of these samples (Figs. S4 and S5) . We consider the most reasonable interpretation to be that all the NGB sedimentary samples formed under the same environmental conditions.
Significance of S-Isotopic Trends in the Archean Rock Record. The slope of the Δ 36 S vs. Δ
33
S correlation is diagnostic of the overall reaction pathway leading to the formation of atmospheric sulfur species, irrespective of whether this relationship reflects fractionation during purely atmospheric processes (9) [including photodissociation (40) and/or photoexcitation (7)] or mixing of an atmospheric end-member(s) with unfractionated crustal sulfur [δ 34 S ≈ 0‰, Δ 33 S ≈ 0‰ (13)]. Sulfur isotope anomalies are produced by specific source mechanisms among which the photodissociation of the SO 2 molecule by high-energy photons (in the 185-to 220-nm absorption region) has been most thoroughly explored. Experimental and theoretical studies show that photolytic S-MIF production and its transfer into sediments imply a restricted compositional range in several atmospheric species. Oxygen levels above 10 −2 times PAL induce the formation of an ozone shield for UV radiation, minimizing SO 2 photolysis and thus preventing the production of the anomaly, thereby setting an upper limit on oxygen levels (41) . Preservation of the anomaly within the atmospheric column requires even lower oxygen levels [<10 −5 PAL (4)] to prevent the rapid back reaction of the anomalous atomic sulfur to oxidized atmospheric species and to allow the transfer of S-MIF to sediments. Isotopic fractionation during H 2 S photochemistry is only weakly anomalous (1, 10). The SO 2 /H 2 S ratio of volcanic gases entering the atmosphere, therefore, must have been high enough [with SO 2 flux at least equal to the high modern level, estimated to be close to 1 × 10 12 mol y −1 (5, 9)] to prevent the dilution of the isotopic anomaly by weakly MIF-fractionated H 2 S.
In addition to the essential conditions described above, isotopic studies of Neoarchean (2.5-2.6 Ga) sediments from several localities, coupled with atmospheric modeling, mostly indicate that atmospheric O 2 and CH 4 levels are the primary controls on sulfur flow through the elemental sulfur reaction network (5, 9, 14): A CH 4 /CO 2 ratio of 0.01 best accounts for the highest SO 2 photolysis rates in an haze-free atmosphere (30) , whereas enhanced methane flux would decrease this rate (14) . Consequently CH 4 and CO 2 abundances substantially influence the slope of Δ 36 /Δ 33 S (9, 14, 33) . It is worth noting that biogeochemical models commonly link oxygenation of the atmosphere through time to integrated hydrogen escape, enhanced by CH 4 -producing biological activity [i.e., methanogenesis (42)]. Accordingly, if the fluxes of O 2 and CH 4 to the Archean atmosphere were biologically controlled, this may argue for a close relationship between the production of the S-MIF arrays and biological activity. Given the diversity of the evidence for a thriving microbial biosphere in the Neoarchean [coupled isotope fractionation records, organic biomarkers, metal chemistry in black shales (13, 39) ], the assumption of a strong biological influence on the atmospheric production of S-isotopic record seems valid for this period. However, extending the uniformitarian interpretation of a biological influence on the S-MIF arrays seen in our samples is risky in the absence of any other independent biomarkers at Nuvvuagittuq (43) , and likely incorrect given the metabolic innovation that seems to have occurred throughout the Archean. The preservation of the Δ 33 S−δ 34 S Archean reference array in the sedimentary record requires a relatively weak biological sulfur cycle to avoid the isotopic homogenization that occurs during microbial sulfur reduction (44) . The trends reported here (Δ 33 S/δ 34 S ≈ 0.7, Fig. 2 ) thus suggest that the atmospheric signal has been little modified by biological activity after deposition and rather indicates that microbial S cycling, if it was present at all, was not a significant component of the Nuvvuagittuq sedimentary environment (10, 44) . If a shared biogenic control on the S-MIF record at both the beginning and the end of the Archean Eon is unlikely, recurrent gas inputs in the atmosphere by magmatic activity may be able to produce comparable photochemical pathways at any time in the Archean (45) (46) (47) . Such a strong geological control on S-MIF record would then be decoupled from singular events like the emergence of biogenically dominated element cycling or intense bombardments by meteorites. Trends in S-MIF may thus represent atmospheric signatures resulting from volcanologically induced atmospheric mechanisms, among which SO 2 photolysis has been studied in greatest detail so far.
Implication for Early S-MIF Source Mechanisms. S-MIF production by SO 2 photolysis in the 185-to 220-nm region is supported by experimental studies that reveal its sensitivity to gas composition (41), UV wavelength (48), and gas pressure (49) , implying that Δ S associated with sulfate but with elemental sulfur (51)]. As sulfur dioxide photodissociation rates are related to the actinic flux, this type of numerical approach also indicates that under the flux of the 4.2-Ga Sun, this rate has been 38-48% lower (ref. 12) than those computed assuming a modern Sun (13, 14, 32, 40) , questioning the relevance of considering SO 2 photodissociation as a lasting S-MIF source mechanism through time.
Apart from simple photodissociation (i.e., in the ∼200-nm broadband and without shielding), alternative atmospheric mechanisms can create significant S-MIF (50 (8) . However, in the absence of sufficient quantitative constraints on S-MIF production under reduced atmospheric conditions (e.g., quantum mechanical treatments), there is no evidence that any of these mechanisms could alone account for the isotopic composition of Archean sediments. Considering similar issues in the modern environment, it is worth noting that numerical modeling of SO 2 photoexcitation in the region of 250-320 nm matches the isotopic variations preserved in modern sulfate-rich horizons in polar ice cores and snowpacks (7) . These materials record stratospheric chemical processing of SO 2 2 , isotopologue-specific excitation rates result from the coupled effect of actinic flux with the slight shift on the absorption cross section between isotopes (48) and lead to wavelength-dependent isotopic fractionation. For photoexcitated SO 2 , the actinic flux of low-energy photons that controls the magnitude of the isotopic effect (>290 nm) becomes dominant below 30 km (because 220-to 290-nm wavelengths are absorbed at higher altitude by O 3 ). Accordingly, a correlation between isotopic fractionation and altitude is predicted in the numerical models and fits with the observed Δ 33 S/Δ 36 S trend (7). Although the combined slopes of the Archean Δ 33 S−Δ 36 S−δ 34 S correlations formed under different atmospheric conditions from recent plumes, they exhibit a comparable scale of variability (10).
So far, SO 2 photoexcitation has been little explored, especially in reduced atmospheres for which the chemical reaction network is poorly constrained. However, these atmospheric conditions may allow S-MIF transfer to the sulfate aerosols: *SO 2 + SO 2 → SO 3 + SO and SO 3 + H 2 O → H 2 SO 4 .
This type of mechanism would imply a strong geological control on S-MIF production related to dramatic volcanic eruptions and may provide an explanation for the recurrence of the S-MIF signal over a long period despite major changes in biogenic gas release into the atmosphere. More generally, regardless of the exact S-MIF source mechanisms involved, the recurrent S-MIF isotopic trend over the Archean suggests that either different combinations of atmospheric, geological, and biological pathways could produce the same S-isotope pattern or similar states of the Earth surface system were revisited several times in Archean history. Major episodes of volcanic eruption and outgassing could plausibly provide a recurrent SO 2 -rich Archean atmosphere, potentially producing similar S-isotopic fractionation trends over time.
Methods
Sulfur isotope analyses required multiple steps of extraction and purification before mass spectrometry. Powdered whole rock samples were reacted at ∼85°C with a Cr-reducing solution (54) that liberated H 2 S from sulfide grains. This H 2 S was subsequently converted to Ag 2 S by trapping the H 2 S in a 10% (wt/wt) zinc acetate solution and reacting the resulting ZnS with a 0.2 M AgNO 3 solution. The Ag 2 S was then reacted in a nickel reaction vessel overnight at ∼250°C in the presence of excess F 2 to produce SF 6 . The resulting SF 6 was purified first cryogenically and then with a gas chromatograph. Purified SF 6 was introduced into a ThermoFinnigan MAT 253 dual-inlet gas-source mass spectrometer where sulfur isotope abundances were measured by monitoring the 
